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Understanding zonal ows in magnetized plasmas is crucial to reduce turbulent transport and
harness fusion energy. This letter reports the rst measurement of a zonal ow along the toroidal
direction. Several key features of a zonal ow are observed just inside the last closed ux surface
in a reversed eld pinch plasma. Furthermore, a limit cycle oscillation between the zonal ow and
the amplitude of the plasma potential uctuations is also found. Due to the toroidal ow direction,
these results expand the parameter range of zonal ow phenomena in laboratory plasmas.
Achieving good connement is necessary for fusion re-
actors to extract energy in a sustainable fashion. In ad-
vanced plasma connement devices such as tokamaks and
optimized stellarators, turbulent transport is typically
the main contributor to the anomalously high energy
and particle transport levels that have been experimen-
tally observed[1, 2]. Turbulence is a non-linear process
whose random nature is incompatible with deterministic
descriptions. Even though signicant progress has been
made both theoretically and experimentally over the last
decades toward understanding turbulent transport, fur-
ther investigation is still required.
Under certain circumstances, turbulence generates
zonal ows, radially localized ows with the symmetric
structure in the poloidal and toroidal directions, i.e., a
mode number of m=n = 0=0[3{5]. Since zonal ows are
associated with localized radial electric elds, and the
resulting E  B drifts, they are poloidally-directed in
tokamaks and stellarators, whose magnetic eld direc-
tion is mostly toloidal in the entire plasma. One ex-
ample in which zonal ows may play an important role
is in the initial stages of transport barrier formation.
Transport barriers (TBs) locally reduce turbulent am-
plitudes and signicantly improve the connement[6, 7].
A transition between low and high connement (L-H
transition), where an edge TB appears, has been mod-
eled by a predator-prey system in which zonal ows and
equilibrium ows (predators) suppress turbulence (prey)
through ow shear[7, 8]. The interaction between those
quantities leads to the critical energy input and bifur-
cation phenomena, which are the characteristics of the
L-H transition. However, many measurements over sev-
eral devices have found that the predator-prey paradigm
is not always consistent with experimental observations,
and consensus on the mechanism for the L-H transition
has yet to be reached[9{11]. In addition, TBs also form
in the core. zonal ows are tied to and possibly triggering
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this internal TB[5, 12, 13].
Zonal ows are a key part of self-regulated plasma
turbulence. They feedback on turbulence through the
sheared-ow they produce and by catalyzing nonlinear
energy transfer between unstable and stable modes[14].
In gyrokinetic simulations, the dominant mechanism is
the zonal ow-mediated transfer of energy to stable
modes, while the enhancement of turbulence decorrela-
tion due to shearing is relatively weaker. Understand-
ing zonal ows potentially provides a path for optimiz-
ing magnetic congurations. For instance, theoretical in-
vestigations of zonal ows in some stellarator magnetic
congurations suggest zonal ows can be manipulated to
control turbulence [15{17]. Moreover, a deeper under-
standing of the physics associated with zonal ows and
their impact on transport will be helpful in the further
development of other classes of fusion devices, such as
tokamaks.
In this letter, the observation of a zonal ow in the
edge of a reversed eld pinch (RFP) is reported for the
rst time. Given their importance, comprehensive un-
derstanding of zonal ows will further improve the per-
formance of connement devices regardless of their basic
mechanisms under which they operate. To this end, it
is critical to characterize zonal ows in wide parameter
ranges. Measurements of zonal ows in the RFP expand
the parameter range of zonal ow phenomena. In the
RFP, larger magnetic shear, large magnetic uctuation
levels, and ultra low safety factor q create signicant dif-
ferences in zonal ow drive, sustained zonal ow levels,
and neoclassical screening, and therefore probe underly-
ing physics. Unlike tokamaks or stellarators, the mag-
netic eld is mostly poloidally directed in the edge as
shown in Fig. 1, and a radial electric eld Er leads to
the E  B drift in the toroidal direction. Due to the
ultra low q, very high values of the Rosenbluth-Hinton
(RH) zonal ow residual have been predicted in this
regime[18, 19]. The zonal ow residual is a measure of the
ability of the plasma to maintain a zonal ow created by
an impulsive perturbation. Simulations show zonal ow
residuals in the RFP of res =0 > 0:9, versus values of
2res =0 < 0:2 for tokamaks of similar aspect ratio.
The measurements are conducted on the Madison
Symmetric Torus (MST), an RFP with major radius
R = 1:5 m and minor radius r = 0:5 m. The Last
Closed Flux Surface (LCFS) is dened by a graphite
toroidal rail limiter located on the outboard midplane. In
standard MST discharges, uctuations and transport are
dominated by unstable global tearing modes, a situation
known to degrade zonal ow activity[20]. Tearing modes
in MST can be signicantly reduced by applying an in-
ductive current prole control technique[21]. With the
tearing mode amplitudes reduced, the density gradient
becomes large in the edge, and density-gradient-driven
trapped electron modes (TEMs) are unstable[18, 22, 23].
Importantly, gyrokinetic modeling indicates that electro-
static particle and electron heat transport peak at a rela-
tively large scale for micro-instabilities (kys  0:2 0:4),
and are regulated by zonal ows[18, 22]. Observations
here of limit cycle behavior between the zonal ows and
the turbulence provide the rst experimental investiga-
tion of the regulation process in the RFP where zonal
ows are also subject to degradation by magnetic uctua-
tions. The TEM turbulence also contributes signicantly
to impurity transport, and probably to the bulk parti-
cle transport as well[24]. For this study, current-prole-
controlled discharges with plasma current Ip = 200 kA,
and line-averaged density ne = 0:8 1019 m 3 are used.
FIG. 1. Locations of the probes and magnetic conguration
of a MST RFP plasma. Magnetic eld lines on dierent ux
surfaces are shown. Two black arrows indicate the locations
of the probes.
The experimental setup for the zonal ow measure-
ment and the magnetic conguration of an RFP are
shown in Fig. 1. The proles of radial electric eld Er,
are measured at two locations using multi-channel lin-
ear capacitive probes[25], probe 1 and probe 2. Both
probes are identical and have a spatial resolution of 7
mm and a temporal resolution of f3dB = 680 kHz. As op-
posed to Langmuir probes that require biased electrodes
or voltage-sweeping to derive the plasma potential Vp, ca-
pacitive probes are intrinsically sensitive to only Vp due
to the high secondary electron generation by the boron
nitride particle shield. Therefore, Er and the associated
E  B ow can be unambiguously determined by sim-
FIG. 2. (a) Er prole measured by the probe 1. (b) Er prole
measured by the probe 2. (c) Spectrogram of the Vp uctu-
ations at d1 = 1:7 cm measured by the probe 1. (d) Time
evolution of the tangential magnetic uctuations normalized
by the total magnetic eld at the wall and soft x-ray emission.
The time period between the black dotted lines is an example
of the ranges used for the ensemble analysis.
ply evaluating the dierence in the Vp measurements be-
tween adjacent electrodes. The two probes are separated
by 180 toroidally and 75 poloidally.
Figures 2 (a) and (b) show the time evolution of the
Er proles measured by the probe 1 and the probe 2,
respectively. High frequency components are removed
by using a moving-average-lter with the width of 200
s. The distance measured from the LCFS is dened
as d1 and d2 for the probe 1 and the probe 2, respec-
tively, where d1;2 < 0 cm corresponds to radial locations
outside the LCFS, and d1 <  1:3 cm is inside a port-
hole. At 10 ms, inductive current control attens the
current gradient, and the tearing mode amplitude starts
to decrease. Note that there are wells in Er near the
LCFS before 10 ms, and they move inward from 10 to
16 ms. The small inward shifts are likely due, in part,
to the changing equilibrium during the inductive current
prole control. Until 16 ms, the depth of the Er well
is correlated with the magnetic uctuations. When the
magnetic uctuation amplitude spikes at a reconnection
event, the Er well becomes deeper. This relation is also
observed in standard RFP plasmas without the current
prole control[26]. As Fig. 2 (d) shows, the tangential
magnetic uctuation amplitude stays less than 1 % after
16 ms. After the suppression of magnetic uctuations
is achieved, the soft x-ray emission, which is directly re-
lated to the core electron temperature, starts to increase
signicantly. After 16 ms, Vp uctuation amplitude at
3d1 = 1:7 cm shown in Fig. 2 (c) is also reduced signi-
cantly.
In order to investigate the statistical nature of the ra-
dial electric eld uctuation ~Er, the same time periods
(17.5 ms< t <21.6 ms) are extracted from 19 similar dis-
charges, and an ensemble is made. In Fig. 3 (a), the
power spectral density of ~Er for the probe 1 location is
shown. Near d1 =1.3, and 3.4 cm, signicant power is
concentrated below 10 kHz with the peak near zero Hz.
The ion-ion collision frequency is estimated to be 3 kHz
near the Er well. Therefore, the location and width of
the peak in the power spectral density are in agreement
with the characteristics of a zero-mean-frequency zonal
ow[27]. Figure 3 (b) shows coherence 2 between the
minimum of the Er well in the probe 2 location (d2 = 3:1
cm) and each ~Er in the probe 1 location. The ensemble
has 66 realizations, and the statistical signicance level
is 1=66  0:015. The frequency components below 5 kHz
are highly coherent with those of the minimum of Er in
the probe 2 location. Figure 3 (c) shows the absolute
values of the cross phase corresponding to Fig 3 (b). The
cross phase is almost zero between the minima of the Er
wells measured by the probe 1 and the probe 2 below 10
kHz. The long range correlation with the zero phase dif-
ference implies that the low frequency uctuations (<10
kHz) have a mode structure of m=n = 0=0. On the other
hand, the cross phase between the Er at d1 = 3:4 cm
and the minimum of the Er well in the probe 2 location
is almost 180. The ion gyro-radius in the edge of these
discharges is about 1.5 cm. Therefore, as one moves in-
ward from the minimum of the Er well by 2.5 cm, the
phase of the low frequency uctuations becomes out of
phase, indicating that the radial localization of the ow
at the Er well is on the order of the ion gyro-radius.
Based on these observations, the E  B ow associated
with the Er well is identied as a zero-mean-frequency
zonal ow. Gyro-kinetic simulations have shown that os-
cillatory behavior of Vp in response to a electrostatic po-
tential perturbation, which is an indication of a Geodesic
Acoustic Mode (GAM)[28], is eectively absent for the
RFP congurations[18]. Absence of a GAM in this mea-
surement is, therefore, consistent with expectations.
The coherence 2 shown in Fig. 3 starts to increase
again as one passes d1 = 2:7 cm and approaches d1 = 3:4
cm in the low frequency range. The cross phase at
d1 = 3:4 cm in Fig. 3(c) is near 180
. In addition, as
can be seen Fig. 3(a), the uctuations below 10 kHz at
d1 = 3:4 cm have more power than those at the mini-
mum of the Er well at d1 = 1:3 cm. These observations
indicate that there is another layer of a zonal ow that
propagates in the opposite direction with respect to the
rst layer of a zonal ow near d1 = 1:0 cm. The tem-
poral behavior of the zonal ow layers is illustrated in
Fig. 4, which shows the E  B drift velocity uctuation
~VEB associated with the Er uctuations from 0.5 kHz
to 20 kHz. Other frequency components, including equi-
librium values, are ltered out. The radial structure of
~VEB ips the sign near d1 = 2:4 cm. Since there is no
FIG. 3. (a) Prole of the power spectral density of ~Er in the
probe 1 location. Coherence (b) and cross phase (c) between
~Er at the minimum of the Er well in the probe 2 location and
each ~Er in the probe 1 location.
FIG. 4. The E  B drift prole with the frequency compo-
nents between 0.5 kHz and 20 kHz. The positive velocity
corresponds to the ion diamagnetic drift direction.
external torque input, the time evolution of ~VEB cannot
be explained by a diusive process, and there is an in-
trinsic torque driving the zonal ows. Radially localized
EB ows near the LCFS are also observed in standard
RFP plasmas without the current prole control. Ion or-
bit losses or the Reynolds stress are possible mechanism
for the edge ow formation[29, 30]. However, long range
correlations that indicate zonal ows are not observed in
standard MST RFP discharges when the same diagnostic
technique is applied[26].
The zero-mean-frequency zonal ow is observed just
inside the LCFS where zonal ows undergo limit cycle
oscillations prior to the L-H transition of tokamaks in
the predator-prey system[8]. The zonal ow in the RFP
is also found to execute limit cycle oscillations. Figure 5
(a) shows the time evolution of the depth of the Er well,
j Er;minj and the RMS of the Vp uctuations above 20
4FIG. 5. (a) Time evolution of the depth of the Er well, j Er;minj
and the RMS of the Vp uctuations above 20 kHz at d1 = 1:7
cm, ~Vp. (b) The corresponding Lissajous curve. Each arrow
represents a time step of 50 s.
kHz at d1 = 1:7 cm, ~Vp. A moving-average-lter with
the width of 100 s is applied to calculate j Er;minj. The
same time window is used to obtain ~Vp. Here, j Er;minj
is a measure of the zonal ow amplitude. In Fig. 5
(b), the Lissajous curve corresponding to Fig. 5 (a) is
shown. First, the turbulence amplitude ~Vp increases,
and the zonal ow amplitude j Er;minj follows with a time
lag of  20. This oscillation involving zonal ows and
plasma potential uctuations is indicative of zonal ow
regulation, but diers from the limit cycle oscillations
of Ref. [7], where the zonal ow oscillation leads the os-
cillation of the turbulence signal by  90. This dif-
ference suggests that the dynamics may be aected by
processes not incorporated in existing models of the L-
H transition[8]. Such processes might include the strong
RH residual associated with ultra low q, the high sensitiv-
ity of density-gradient-driven TEM to zonal ows[18], the
degradation of zonal ows by the reduced but non zero
global magnetic uctuations of current-prole-controlled
RFP plasmas[18, 20, 22, 31], and energy transfer to large-
scale stable modes.
In summary, the observation of a zonal ow that is
directed primarily in the toroidal direction is reported
for the rst time in a toroidal magnetically conned
plasma. The radial electric eld proles are measured
using two multi-channel linear capacitive probes in the
edge of a reversed eld pinch plasma for which a high
Rosenbluth-Hinton residual is predicted. Clear experi-
mental evidence of a zonal ow is provided based on the
long-range correlation consistent with the mode struc-
ture of m=n = 0=0 and the radial localization of the
EB ow. Gyrokinetic modeling of these discharges has
shown that trapped-electron mode turbulence is present
and drives zonal ows, indicating that the turbulence is
regulated by the zonal ows. Limit cycle oscillations in-
volving the zonal ow and plasma potential uctuations
are observed, providing information about the regulation
process. The phase characteristics of the limit cycle dier
from those observed in early-stage L-H transitions, sug-
gesting that additional eects in zonal ow regulation
present in the reversed eld pinch aect predator-prey
dynamics. Further studies are necessary to understand
the precise interplay between zonal ows, turbulence, sta-
ble modes, and global magnetic uctuations. The insight
obtained through this measurement will help establish a
universal model of zonal ow dynamics in toroidal plas-
mas.
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